Introduction
Local Ca 2ϩ signals function to reduce filopodial motility, which slows neurite outgrowth on substrata that stimuThe formation of precise neural networks during devellate high-frequency transients. In addition, transients opment requires growth cones at the tips of elongating generated asymmetrically on one side of the growth neurites to accurately respond to extracellular guidance cone are sufficient to promote turning away from the site cues (Tessier-Lavigne and Goodman, 1996). Filopodia of Ca 2ϩ activity. These findings suggest that filopodial are the antenna-like protrusions that extend from the interaction with repulsive guidance molecules in vivo growth cone and sample the extracellular environment may stimulate Ca 2ϩ transients at their tips, leading to for instructive cues (Kater and Rehder, 1995) . In vivo stabilization and growth cone turning. Due to the large studies have demonstrated that intact filopodia are necsurface to volume ratio in filopodia, this structure may essary for proper axonal pathfinding and accurate synrepresent a site where Ca 2ϩ influx locally modulates aptic targeting (Bentley, 1987; Chien et al., 1993) . Filoadhesion and cytoskeletal dynamics, thereby regulating podia also function during growth cone chemotropism, growth cone motility and guidance. The cellular targets as turning responses are preceded by an increase in of these frequency-encoded Ca 2ϩ signals are unknown, the number of filopodia extending toward the source and it remains unclear how this local activity stabilizes of a chemoattractant (Zheng et al., 1996) . The role of filopodia and promotes repulsive turning. individual filopodia as sensory structures has been esNeurons express many Ca 2ϩ -regulated proteins that tablished by examining neurotransmitter-evoked Ca 2ϩ could mediate the observed effects of filopodial Ca 2ϩ elevations in isolated filopodia (Davenport et al., 1993) .
transients (Janmey, 1994) . A potential candidate is the These findings indicate that individual filopodia express Ca 2ϩ -activated protease calpain, which is known to have the molecular components necessary to transmit sigprofound effects on cell motility. Calpains are neutral nals to the central region of the growth cone where they cysteine proteases activated by elevated intracellular likely integrate to regulate growth cone behavior. These Ca 2ϩ (Sato and Kawashima, 2001 may be due to higher frequencies of filopodial Ca 2ϩ of CPI (45% Ϯ 3% and 49% Ϯ 5% reduction, respectively; p Ͻ 0.05; Figure 2B ). These data are consistent transients. To verify that intracellular Ca 2ϩ is sufficient to induce calpain proteolysis, neurons on LN were depowith the observation that filopodia on TN become more motile after calpain inhibition ( Figure 1C) 6/min) for 15 min and compared with NP-EGTA-loaded, tailed behavior of growth cones during this turning response has not been examined. Local release of caged unphotolyzed control growth cones. To control for nonspecific effects of UV light and Ca 2ϩ chelation, control Ca 2ϩ was used to impose high-frequency Ca 2ϩ transients in specific filopodia of growth cones on LN. cultures were loaded with an equal concentration of the photo-stable Ca 2ϩ chelator, BAPTA-AM. UV exposure in Growth cones loaded with NP-EGTA were positioned so their forward-projecting filopodia extend into a 12.5 all experiments was confined to growth cones, filopodia, and proximal neurites and was begun immediately folm region of pulsed UV light. As filopodia enter this region, Ca 2ϩ transients are generated at a frequency of lowing t-BOC application. After 15 min of imposed Ca 2ϩ transients, t-BOC fluorescence in NP-EGTA-loaded 6/min, which stimulates turning away from the site of local release. Close examination of turning behaviors growth cones was significantly greater than controls ( Figures 2C and 2D) . Although Ca 2ϩ transients were not reveals that a subset of filopodia exposed to Ca 2ϩ transients become stabilized within the UV region, followed restricted to filopodia, these results confirm that imposed Ca 2ϩ elevations with similar kinetics to spontaneby a rapid loss of veil surrounding adherent filopodia and asymmetric protrusion of lamella opposite the site ous transients in filopodia are sufficient to stimulate increased levels of calpain proteolysis. intracellular Ca 2ϩ chelation (Figures 5G and 5H ). These on one side of growth cones on LN for 4-10 min ( Figure  6C ). These neurons were subsequently fixed and proresults suggest that calpain-dependent changes in tyrosine phosphorylation may be due to direct cleavage and cessed for PY immunofluorescence. We find that filopodia stimulated with Ca 2ϩ transients (NP-EGTA loaded) downregulation of Src kinases, as previously demonstrated in platelets (Pain et al., 1999) . exhibit a 38% reduction in PY levels compared to unstimulated control filopodia on the same growth cone ( Figures 6D and 6E) . The maximum duration of uncaging Filopodial Ca 2؉ Signaling Locally Modulates stimulus used in experimental trials (10 min) had no Tyrosine Phosphorylation effect on filopodial PY levels in unloaded control growth To determine whether a local decrease in PY levels corcones. Tyrosine dephosphorylation was calpain depenrelates with growth cone turning, both substrata bounddent as it was prevented in the presence of calpain ary and local caged Ca 2ϩ assays were conducted prior inhibitor ( Figure 6E ). These results confirm that local to fixation and staining for PY. We previously demoncalpain activation leads to an asymmetric decrease in strated that a majority of Xenopus growth cones un-PY that may directly promote filopodial stability and dergo Ca Figures 3 and 4) . Localized Ca 2ϩ transients at a frequency of 6/min were imposed calpain signals that regulate cell adhesion and motility by modulating the balance between tyrosine kinase and tion of lamellipodia (Bailly et al., 2001 ). In support of this role in growth cones, we find that localization of p16-phosphatase activities.
One potential mechanism for PTK-dependent regulaArc, a member of the Arp 2/3 complex (Welch et al., 1997), in filopodia requires PTK activity ( Figure 7E ). Totion of filopodial motility and veil extension is through the regulation of adhesion complex composition. To adgether, these results suggest that spatial patterns of PTK activity generated by extracellular cues control dress this possibility, we examined growth cones immunofluorescently labeled for five adhesion-related progrowth cone motility and guidance by regulating the cellular mechanisms underlying force generation and teins, including an integrin receptor (␤1), a tyrosine kinase (FAK), a scaffolding molecule (paxillin), and two membrane protrusion. actin binding proteins (talin and vinculin). To determine if recruitment of these proteins required PTK activity, Discussion we compared fluorescence intensity of growth cone filopodia under control and HA-treated conditions. Among
In this study, we have identified the Ca 2ϩ -sensitive protease calpain as a downstream effector of filopodial Ca 2ϩ these five proteins, the actin binding protein vinculin was the only component significantly reduced by PTK transients. Local calpain activity is regulated by the frequency of filopodial Ca 2ϩ transients and serves to stabiinhibition ( Figure 7E ). Vinculin is highly enriched at adhesion complexes, and its accumulation is directly correlize filopodia and slow axon growth. Calpain activity is greatest on substrata that produce high-frequency lated with the generation of traction force in fibroblasts (Galbraith et al., 2002) . Consistent with this role, we find filopodial Ca 2ϩ transients regardless of integrin engagement. However, inhibition of calpain activity promotes vinculin colocalized with PY by immunofluorescence in selective sites within filopodia ( Figure 7D) . filopodial motility and axon growth only on integrin binding substrata, suggesting that calpain regulates integrinVinculin may also couple adhesion sites to membrane protrusion by directly binding proteins of the Arp 2/3 mediated processes. Active calpain promotes filopodial stability by modulating tyrosine kinase signaling within complex (DeMali et al., 2002) , which nucleates and branches actin filaments and is required for the formagrowth cone filopodia. Localized calpain activity is nec- 
